In this work, we aim to characterise high-mass clumps with infall motions. We selected 327 clumps from the Millimetre Astronomy Legacy Team 90-GHz (MALT90) survey, and identified 100 infall candidates. Combined with the results of He et al. (2015) , we obtained a sample of 732 high-mass clumps, including 231 massive infall candidates and 501 clumps where infall is not detected. Objects in our sample were classified as pre-stellar, proto-stellar, HII or photo-dissociation region (PDR). The detection rates of the infall candidates in the pre-stellar, proto-stellar, HII and PDR stages are 41.2%, 36.6%, 30.6% and 12.7%, respectively. The infall candidates have a higher H 2 column density and volume density compared with the clumps where infall is not detected at every stage. For the infall candidates, the median values of the infall rates at the pre-stellar, proto-stellar, HII and PDR stages are 2.6×10 −3 , 7.0×10 −3 , 6.5×10 −3 and 5.5×10
INTRODUCTION
High-mass star formation is still poorly understood (Tan et al. 2014) . Core accretion (McKee & Tan 2002 , 2003 and competitive accretion (Bonnell et al. 2001; Bonnell, Vine, & Bate 2004) are two contending theories underlying current investigations.
The core accretion model essentially assumes that the evolution of the core is isolated from environmental effects outside the gravitational radius and that no material is E-mail:heyuxin@xao.ac.cn † Email: zhoujj@xao.ac.cn added to the core after it forms. The final mass of a massive star is decided by the amount of mass that is necessary to be self-gravitating, which is thought to be supported either by thermal pressure, turbulence or magnetic fields (McKee & Tan 2002 , 2003 , and is not greatly influenced by a star's environment. The core accretion model imposes a direct link between core and star, and thus the core mass function (CMF) must have a similar shape to the stellar initial mass function (IMF) in that scenario. (e.g. Motte, Andre, & Neri 1998).
In the competitive accretion model, the mass of a star can be strongly influenced by its environment. can reach the main sequence while still accreting in either scenario (Bernasconi & Maeder 1996; Behrend & Maeder 2001; Hosokawa, Yorke, & Omukai 2010) . Meanwhile, most higher mass cores start to fragment and do not continue to accrete significantly (Bonnell & Bate 2006) . Finally, a few stars continue to accrete and become higher mass stars. In this case, competitive accretion can explain the full range and distribution of stellar masses (Bonnell et al. 2001) .
Thus, comprehensive knowledge about accretion is the key to understanding how massive stars form. Although accretion often cannot be observed directly, its presence can be inferred from the presence of large-scale inflows (infall) and outflows (Klaassen & Wilson 2007) . Therefore, highmass infall candidates are important samples to study and understand high-mass star formation.
Evidence of infall motion is observable in self-absorbed, optically thick line profiles, which show a combination of double peaks with a brighter blue peak or a skewed single blue peak, or optically thin lines that peak at the selfabsorption dip of the optically thick line (Mardones et al. 1997; Gregersen et al. 2000; Wu & Evans 2003) . Though rotation and outflows may also produce blue line asymmetries (Sun & Gao 2009 ), mapping observations with sufficient spatial resolution will make it possible to distinguish them from true infall motions.
In this paper, we will use the term "clump" used by Williams, Blitz, & McKee (2000) and Bergin & Tafalla (2007) to refer to our sources. Clumps are defined as coherent regions in position-velocity space with typical size of 0.3-3 pc, while cores are defined as gravitationally bound regions, in which individual stars or stellar systems form, with typical size of 0.03-0.2 pc. We took advantage of five surveys to select a sample of 732 clumps, and in doing so we identified 231 infall candidates and derived their physical properties. It should be noted that 405 sources in our sample have been studied by He et al. (2015, hereafter HYX15) , of which 131 infall candidates were identified by them. The five surveys considered here are: the Millimetre Astronomy Legacy Team 90 GHz (MALT90) Survey (Jackson et al. 2013) , the APEX Telescope Large Survey of the Galaxy (ATLASGAL) 870 µm survey (Schuller et al. 2009 ), the GLIMPSE midinfrared survey (Benjamin et al. 2003; Churchwell et al. 2009 ), the MIPSGAL survey (Carey et al. 2009) , and the Herschel Infrared GALactic plane survey (Molinari et al. 2010) . Infall candidates were identified by two optically thick lines, HCO + (1-0) and HNC(1-0), and one optically thin line, N2H
+ (1-0). Mapping observations enabled us to identify the most probable infall candidates. A brief introduction to the surveys is given in Sections 2.1-2.4. The sample selection and classification in Section 3. In Section 4 the infall candidates are identified and investigated. Discussions are given in Section 5, followed by a summary of the important results in Section 6.
DATA

The ATLASGAL survey
The ATLASGAL Survey was the first systematic survey of the Inner Galactic plane in the submm band, tracing the thermal emission from dense clumps at 870 µm, It is complete to all massive clumps above 1000 M to the far side of the Inner Galaxy (∼20 kpc) (Urquhart et al. 2014b ). The survey was carried out with the Large APEX Bolometer Camera (Siringo et al. 2009 ), which is an array of 295 bolometers observing at 870 µm (345 GHz). At this wavelength, the APEX Telescope has a full width at halfmaximum (FWHM) beam size of 19.2 arcsec. The survey region covered the Galactic longitude region of | | < 60
• and 280
• < < 300
• , and Galactic latitude |b| < 1.5
• and −2 • < < 1
• , respectively. Urquhart et al. (2014c) presented a compact source catalogue of this survey, which consists of ∼10163 sources and is 99 per cent complete at a ∼6σ flux level, which corresponds to a flux sensitivity of ∼0.3-0.4 Jy beam −1 .
The MALT90 survey
The MALT90 Survey is a large international project that exploited the fast-mapping capability of the ATNF Mopra 22-m telescope to simultaneously image 16 molecular lines near 90 GHz (size of each map is 3 ×3 ). These molecular lines characterize the physical and chemical conditions of high-mass star formation regions over a wide range of evolutionary states (from pre-stellar cores, to proto-stellar cores, and on to HII regions). The sample used in this study is a sub-sample of the ATLASGAL catalog which contains over 2,000 dense cores in the range of Galactic longitudes -60
• to +20
• (Jackson et al. 2013) . The angular and spectral resolution of this survey are about 36 and 0.11 km s −1 . The MALT90 data was obtained from the online archive 1 . N2H + (1-0), HNC(1-0), and HCO + (1-0) emission lines were selected for the study in this research. At 15K, the corresponding critical densities are 1.5×10 5 , 2.9×10 5 and 1.7×10 5 cm −3 , respectively (Miettinen 2014) . The data were reduced using Gildas (Grenoble Image and Line Data Analysis Software) 2 .
The Spitzer surveys
The Galactic Legacy Infrared Mid-Plane Survey Extraordinaire (GLIMPSE) survey is a mid-infrared survey (3.6, 4.5, 5.8, and 8.0 µm) of the Inner Galaxy performed with the Spitzer Space Telescope. The angular resolution is better than 2 at all wavelengths. GLIMPSE covers 5
• | | 65
• with |b| 1 • , 2 | | < 5
• with |b| 1.5
• , and | | < 2 • with |b| 2
• . The MIPS/Spitzer Survey of the Galactic Plane (MIPSGAL) is a survey of the same region as GLIMPSE at 24 and 70 µm, using the Multiband Imaging Photometer (MIPS) aboard the Spitzer Space Telescope. The angular resolution at 24 and 70 µm is 6 and 18 , respectively. The highly reliable point source catalogs (Gutermuth & Heyer 2015) released from the MIPSGAL at 24 µm survey have been used in the following analysis.
The Herschel Hi-GAL survey
The Herschel Infrared GALactic (Hi-GAL) plane survey is an Open Time Key Project on-board the ESA Herschel Space Observatory (Pilbratt et al. 2010) , which mapped the Inner Galactic Plane at 70 and 160 µm with PACS (Poglitsch et al. 2010) , and 250, 350, and 500 µm with SPIRE (Griffin et al. 2010) . The angular resolutions are ∼6 , 12 , 18 , 25 , and 37 for the five wavelength bands, respectively. The overall aim was to catalogue star-forming regions and study cold structures across the ISM. Using the broad spectral coverage available, the intention was to study the early phases of star formation, and particularly focus on providing an evolutionary sequence for the formation of massive stars within the Galactic Plane. The PACS data and SPIRE data used here are level 2.5 products produced by the Herschel interactive processing environment (Hipe) software, version 13.0 (Ott 2010) .
SAMPLE AND CLASSIFICATION
We selected high-mass clumps with N2H
+ (1-0), HNC(1-0), and HCO + (1-0) emission lines detected simultaneously from the MALT90 survey data, i.e.with a S/N > 3, and searched for infall signatures using these three lines. To ensure the clumps in our sample are separated, and not contaminated by emission from an adjacent clump, each source with an angular separation of less than 36 (the Mopra beam size at 90 GHz) from its nearest neighbour was excluded. HYX15 studied 405 high-mass clumps selected from the MALT90 survey (years 1 and 2) and identified 131 infall candidates; in this work 327 high-mass clumps were selected from the remaining data from the MALT90 survey and an additional 100 infall candidates were identified (see Section 4.1). In total we created a sample of 732 high-mass clumps, and identified 231 infall candidates. In Figure 1 , we show the Galactic longitude, latitude and 870-µm integrated flux density distributions of the 732 clumps selected from the MALT90 Survey (blue histogram), and the corresponding distributions of all 8016 ATLASGAL sources located in the same region (filled grey histogram). Our sources show three peaks different from that of all ATLASGAL sources in longitude (10
• , -8
• , and -28 • ), and three peaks different from that of all ATLASGAL sources in latitude (-0
• .3, 0
• .2 and 0 • .6), respectively. Moreover, our sample sources show obviously higher 870-µm integrated flux densities (see lower panel of Figure 1 ). Dunham et al. (2011) suggests that the observed increase in flux density could be a reflection of an increasing dust temperature. These results suggest that selection bias exists in our sample. In fact, this is consistent with that we selected sources with N2H + (1-0), HNC(1-0), and HCO + (1-0) emission lines (high-density tracers) detected simultaneously, i.e., we selected more dense and warm clumps. Guzmán et al. (2015, here after GAE15) classified the whole MALT90 survey clumps by visual inspection into four consecutive evolutionary stages: Quiescent (prestellar), proto-stellar, HII region, and photo-dissociation region (PDR). This evolutionary scheme is based on the Spitzer 3.6, 4.5, 8.0 and 24µm images (see Hoq et al. 2013, GAE15 for details) . Figure 2 shows an example of a source at each evolutionary stage. Pre-stellar clumps appear dark at 3.6, 4.5, 8.0, 24 and 70 µm, and have no embedded highmass young stellar objects. Clumps that have a 24 µm point source, 70 µm compact emission or are associated with extended 4.5 µm emission were categorized as proto-stellar. A clump was classified as HII if it was associated with a com- pact HII region(s) that emitted extensively in the 8.0 and 24 µm Spitzer bands. Clumps classified as PDR are at a late evolutionary stage, where the ionizing radiation, winds and outflows provide feedback to the surrounding ISM and the expansion of the ionized gas finally disrupts the molecular envelope (show extended 8µm emission). This marks the transition to an observational stage characterized by an extended classical HII region and a photo-dissociation region. Taking into consideration that high-mass stars are usually formed in clusters (Bressert et al. 2012) , and that the parental envelope of a clump in the PDR stage is finally disrupted, we cannot accurately discover the true parental clump for such evolved sources. Some nearby clumps, or those interacting with a classical HII region may be classified as PDR. In fact, it may be a pre-existing clump in an earlier evolutionary stage, which is common for bubble-like HII regions. We should keep in mind this caveat in the following analysis. Clumps named as "uncertain" exhibit no clear mid-IR features that allow us to classify them unambiguously in above four categories. Our sample is a subsample of GAE15 except G303.268+01.247, G304.204+01.337 and G324.171+00.439. For sources that were classified by visual inspection of Spitzer image at 3.6, 4.5, 8.0, and 24µm (GAE15), this classification might not be completely reliable. Therefore, we checked the sources classified as "pre-stellar" and "uncertain" using the highly reliable 24 µm point source catalog (Gutermuth & Heyer 2015) . A clump was reclassified as proto-stellar if it contained a 24 µm point source within a circular area of diameter 36 centered on each clump. In this manner 15 pre-stellar and 14 uncertain clumps were classified as proto-stellar. We also checked the SIM-BAD 3 database and found that 36 sources with the presteller, PDR and uncertain classifications were associated with previously known HII regions. As such, 23 protostellar, 12 PDR, and one uncertain clumps were reclassified as HII. Note that G303.268+01.247, G304.204+01.337 and G324.171+00.439 were not in the sample of GAE15; here G303.268+01.247 and G304.204+01.337 are classified as uncertain, and G324.171+00.439 is classified as proto-stellar. The dust temperatures of these three clumps are derived in Section 4.2.
Finally, our sample includes 68 pre-stellar, 292 proto-3 http://simbad.u-strasbg.fr/simbad/ stellar, 235 HII, 71 PDR, and 66 uncertain objects. Column 10 of Table 1 lists the evolutionary stages of all clumps in our sample.
RESULTS
Infall candidates
The asymmetry parameter, δV = (V thick − V thin )/dV thin (pioneered by Mardones et al. 1997) , has been used to quantify the asymmetry of an optical thick molecular line, where V thick is the peak velocities of an optically thick line, and V thin is an optically thin line velocity in units of the optically thin line full width at half-maximum dV thin . A line was considered to be a blue skewed profile if δV < -0.25, and to be red skewed profile if δV > 0.25. The combination of the optically thick lines (HCO + J=1-0 and HNC J=1-0) and the optically thin line (N2H + J=1-0) can serve as good tracer of infall motions (e.g. HYX15). The optically thin line N2H
+ (1-0) shows hyperfine structure (hfs) and was fitted using the hfs method in CLASS 4 to obtain the peak velocity and full width at half maximum (FWHM). All of these parameters for each source are listed in Table 2 . For 327 clumps, 68 red skewed profiles were identified using the HCO + (1-0) lines, 39 red skewed profiles were identified using the HNC(1-0) lines, and 30 sources show red skewed profiles in both the HCO + (1-0) and HNC(1-0) spectra. Following the criterion used in HYX15, infall candidates must show a blue skewed profile at least in one optically thick line (HCO + J=1-0 or HNC J=1-0), no red skewed profile in the other optically thick line and no spatial difference in the mapping observation. Finally, we identified 100 infall candidates from 327 high-mass clumps. In Figure 3 , we show a typical example of an infall candidate: G316.139-0.506. Infall candidates are marked with a asterisk in Table  2 , and the corresponding profile asymmetries are also given in the table. Combined with the 131 infall candidates in HYX15, we now have 231 infall candidates in total. Among of them, 28 are pre-stellar, 107 are proto-stellar, 72 are HII, 9 are PDR, and 15 are uncertain. The detection rates of the infall candidates are 41.2%, 36.6%, 30.6% and 12.7%, respectively. This shows that the detection rates decrease as a function of evolutionary stage.
Furthermore, we used 1-dimensional spherically symmetric RATRAN models 5 (Hogerheijde & van der Tak 2000) of the HCO + and HNC lines to constrain the spatial scales on which infall takes place. Assuming a free-fall velocity profile (e.g. Mottram et al. 2013 ), a typical radial density and temperature profiles with power index 1.5, we vary the radii over which infall takes place. We assume abundances for HCO + and HNC of 2.51×10 −8 and 3.73×10 −8 , which are typical for massive clumps (Sanhueza et al. 2012) . We found that our observations for the ground-state lines of HCO + and HNC are sensitive to radii <133000 and 5600 − 28000 AU at a typical distance of 3.5kpc, respectively. The corresponding densities are 467 and 3063 cm −3 and temperatures 4.5 and 7.3 K for HCO + (1-0) and HNC(1-0), respectively. For the ground-state line of HCO + , emissions from the outer regions of central infalling zone within one Mopra beam have little effects in the emission line profile. Therefore, the minimum radius was not given by the RATRAN model. Overall, these two lines are both good tracers of infall motion in envelope material. The blue excess E = (N blue − N red )/N total was used to quantify whether blue profiles dominate in a given sample, where N blue and N red are the number of sources that show a blue or red profile, respectively, and N total is the total number of sample sources (Mardones et al. 1997) . The blue excess E values of the pre-stellar, proto-stellar, HII and PDR classifications are 0.29, 0.19, 0.09 and 0.06, respectively. These values suggest that red skewed profiles show an increased fraction for the later stages, suggesting that the star formation is contributing to removing the surrounding clump/cloud material. Also, the detection rate of infall candidates decrease as clumps evolve, which can be ascribed to increasingly stronger feedback from the central star. In order to show the blue excess more clearly, we plotted the δV values of the HNC and HCO + distributions in Figure 4 .
Dust temperatures
The dust temperatures of the objects in our sample were all taken from GAE15, except for G303.268+1.247, G304.204+1.337 and G324.171+0.439. Since the sample of GAE15 do not include these three sources, we derived their temperatures ourself. Combining the Herschel Hi-GAL observations at 70, 160, 250, 350, and 500 µm, we obtained the dust temperature of these three sources via spectral energy distribution (SED) fitting. Taking into consideration that dust emission is not optically thick at all wavelengths, and that the dust emissivity index is not a fixed value (Faimali et al. 2012 ), we adopt a modified blackbody model (Ward-
where Ω is the source solid angle, Bν (T ) is the Planck function at the dust temperature T, and τ is the optical depth. We calculated τ using the relation
where β is the dust emissivity index, and νc is the critical frequency at which τ = 1. The free parameters in the fits were the dust temperature ,T, the dust emissivity index, β, and the critical frequency, νc. We assigned an uncertainty of 20% for each Herschel flux, which was taken as the calibration error (Faimali et al. 2012 ). The quality of an SED fit was assessed using χ 2 minimisation, by considering the observed flux at each of the five Hi-GAL wavebands available for every individual association. Figure 5 shows the fitting results with the modified blackbody model for G303.268+1.247, G304.204+1.337 and G324.171+0.439, where the dust temperature, dust emissivity index and critical frequency of each source are given at the top right of each panel. The dust temperatures of these three sources are 19.0K, 19.5K and 22.0K, respectively. We also derived the dust temperature, dust emissivity index and critical frequency for all other clumps in our sample using the method. These results are listed in Table A1 in Appendix A in this paper. By comparing temperatures derived by us and GAE15, we found that our temperatures are systematically a few K higher (see Appendix A). The temperatures derived by GAE15 are more consistent with previous results (e.g. Hoq et al. 2013 ), so we prefer the temperatures of GAE15 for 729 sources in this paper except G303.268+1.247, G304.204+1.337 and G324.171+0.439.
The dust temperatures of the infall candidates and clumps where infall is not detected at different evolutionary stages are shown in Figure 6 . It is clear that the median temperature increases monotonically with the evolutionary stage of the infall candidates (blue histograms) and clumps where infall is not detected (gray filled histograms), although there is overlap between the different categories. The median values of the dust temperature for the clumps where infall is not detected at pre-stellar, proto-stellar, HII and PDR stages are 17.4, 18.3, 22.8 and 25.7 Table 4 . The Kolmogorov-Smirnov (K-S) test is a robust method for measuring the similarity between two samples. Table 2 . Examples of the derived line parameters and profiles of the observed sources. Quantities in parentheses give the uncertainties in units of 0.01. The columns are as follows: (1) Clump names; (2) peak velocity of HCO + (1-0); (3) peak velocity of HNC(1-0); (4) peak velocity of N 2 H + (1-0); (5) FWHM of N 2 H + (1-0); (6) asymmetry of HCO + (1-0); (7) asymmetry of HNC(1-0); (8) profile of HCO + (1-0) and HNC(1-0). The full table is available online. Throughout this paper, we used the K-S test to quantify the similarity between two samples. The K-S test gives a probability of 49% that the dust temperature distributions of infall candidates and clumps where infall is not detected originate from the same parent population for pre-stellar, the corresponding values are 0.03%, 0.1%, and 0.05% for proto-stellar, HII, and PDR, respectively. There is no significant difference in temperature between the infall candidates and clumps where infall is not detected in pre-stellar stage.
Since we are tracing infall on large scales and there is no detected protostar yet, the lack of difference may be genuine if infall is not yet translated into accretion onto a central object (which would result in shocks/radiation which heat the gas), or if this is too small an effect to be detected. Although K-S test suggests that the temperature distributions of infall candidates are significantly different from that of clumps where infall is not detected for proto-stellar and HII phases, the corresponding median and mean values show no obvious differences.
Kinematic distances
We used the revised rotation curve of the Milky Way presented by Reid et al. (2009) to calculate the kinematic distances of 327 clumps selected in this work. The system velocity was determined via an hfs fit to the N2H + (1-0) line. Distances to 94 clumps have already been determined in the literature (see column 6 in Table 1 ). For the other 233 clumps, most of them lie inside the solar circle and so have both simultaneous near and far distances (so called kinematic distances ambiguity).
In order to resolve this ambiguity, we compared our sources with the IRDC catalogue (Peretto & Fuller 2009 ). IRDCs are seen as dark extinction feature against the bright mid-infrared background emission. We assumed that a clump is located at the near distance if it coincided with an IRDC along the same line of sight. Moreover, if a clump is located at the near distance, a cold and dense HI target clump will absorb warmer HI background continuum emission, and show self-absorption at the system velocity, whereas any clumps at the farther distance will not display this signature (Busfield et al. 2006) . The HI data cubes were obtained from the Southern Galactic Plane Survey (SGPS) archive 6 (McClure-Griffiths et al. 2005) . When a clump is located near the tangent points, it will have similar near and far distances. Clumps are also considered at the near distance if a far allocation displacement from the Galactic midplace, z, would result in a value larger than 120pc, which is inconsistent with star formation regions (Urquhart et al. 2014a) . Using these methods, we resolved the kinematic distances ambiguity and determined the kinematic distance to 193 clumps. Note that kinematic distances were not determined for 40 clumps towards the direction of the galactic center (within five degrees of the Galactic center direction). Figure 7 shows two examples where we resolved the kinematic distance ambiguity using the HI self-absorption technique. The upper panel represents an unambiguous near-distance solution, where the N2H + emission line coincides with the dip of HI absorption. The lower panel displays a far distance solution, where the N2H + emission line does not coincide with the HI self-absorption dip. The N2H + and overlaid HI spectral profiles of all 148 clumps are available online-only as supplementary material. Figure 8 shows the distribution of infall candidates (blue histogram) and clumps where infall is not detected (grey filled histogram) as a function of heliocentric distance. The K-S test gives a probability of 10% that infall candidates and clumps where infall is not detected distributions originate from the same parent population. The two samples show a similar distribution. Figure 9 presents the distribution of infall candidates (blue pentacles) and clumps where infall is not detected (white squares) with known kinematic distances projected on an artist's impression of the Milky Way (R. Hurt: NASA/JPL-Caltech/SSC). It seems that infall candidates usually concentrate on the spiral arms of the Galaxy, while the distribution of clumps where infall is not detected is more scattered.
In Figure 10 , we plotted the derived values of the ef- fective radius, R = Dθ for infall candidates (red cross) and clumps where infall is not detected (black point) as a function of distance. Here D is the heliocentric distance to the source and θ is diameter of the source in radian. We assumed a ∼10 percent error in the distance. In this plot, the dotted line indicates roughly the limiting size (19.2 = 1 FWHM is chosen as a guide) to which the survey is sensitive. Using a K-S test, we calculated a probability of 10% that the kinetic distance distributions of the infalling clumps and those where infall is not detected, and 0.36% that the effective radius distributions of infall candidates and clumps where infall is not detected originate from the same parent populations. 
Aspect ratio
In Figure 11 , we plotted the derived values of the aspect ratios as functions of heliocentric distance. We found that, for sources with distances larger than 8.5 kpc, the infall candidates tend to have relatively smaller aspect ratios. Figure 12 shows the distribution of the aspect ratio for all infall candidates (blue histogram) and all clumps where infall is not detected (gray filled histogram). The median aspect ratio of the infall candidates (1.50) is smaller than that of the clumps where infall is not detected (1.57). The K-S test gives a probability of 0.01% that the aspect ratio distributions of the infall candidates and clumps where infall is not detected originate from the same parent population, suggesting that the aspect ratios of infall candidates are significantly different from that of clumps where infall is not detected. The median aspect ratio values of infall candidates and clumps where infall is not detected that we obtained are larger than the values of 1.33 in HII-region associated clumps and 1.4 in methanol-maser associated clumps reported by Urquhart et al. (2013b) . The aspect ratios of the infall and infall is not detected sources separated by evolutionary stage are shown in upper panel of Figure 13 . The median values of the aspect ratios of the pre-stellar, proto-stellar, HII and PDR clumps with infall are 1.65, 1.53, 1.38 and 1.58, respectively. The corresponding mean values are 1.76, 1.59, 1.51 and 1.77. While the median values of the aspect ratios for the clumps where infall is not detected at the pre-stellar, proto-stellar, HII and PDR stages are 1.72, 1.53, 1.52 and 1.70, respectively. The corresponding mean values are 1.85, 1.64, 1.60 and 1.85. These results show that there are no obvious differences in the aspect ratios of the infall candidates and the clumps where infall is not detected in all evolutionary stages, except for HII. The aspect ratio distribution of clumps in the HII stage reveals significant difference between the infall candidates and clumps where infall is not detected, which indicates that infall clumps in the HII stage have a more spherical structure. The aspect ratios of both infall candidates and clumps where infall is not detected display a marginal tendency of decrease from pre-stellar to proto-stellar, and to HII stages. In lower panel of Figure 11 , we plotted the distribution of the aspect ratio for all infall candidates expect HII regions (blue histogram) and all clumps where infall is not detected expect HII regions (gray filled histogram). The K-S test gives a probability of 46% that these two distributions originate from the same parent population. It is prove that the difference found in the global distribution (see Figure  12 ) due to the HII regions alone. The statistical parameters of each of these distributions are summarized in Table 4 .
Clump masses and densities
The beam-averaged H2 column densities were derived by using the peak flux density at 870-µm via the formula
where S peak is the peak 870 µm flux density, R is the gas-todust mass ratio (assumed to be 100), Bν is the Planck function for a given dust temperature TD (from GAE15), and D is the heliocentric distance to the source. The masses were derived by using the integrated 870-µm flux of the whole source via the formula
where Ω is the beam solid angle, µ is the mean molecular weight of the interstellar medium (assumed to be 2.8), mH is the mass of a hydrogen atom, Sint is the integrated 870-µm flux, and κν is the dust-absorption coefficient (taken as 1.85 cm 2 g −1 , interpolated to 870 µm from Col. 5 of Table 1 al. (2014b), the uncertainty in the derived clump mass and column density is ∼50%.
In Figure 14 , we present the distribution of clump mass as a function of heliocentric distance. It is clear that we are sensitive to all clumps with mass above 1000 M within 20 kpc, and our statistics should be complete above this level. For a distance-limited sub-sample (between 2.5 and 3.5 kpc), the median values are 776 and 588 M for the infall candidates and clumps where infall is not detected, respectively. We performed a K-S test on them, and got a probability of 4.4% that the clump mass distributions of the infall candidates and clumps where infall is not detected originate from the same parent population. This reveals that the mass difference is not caused by distance/selection bias. Figure 15 shows the distribution of 870-µm peak flux densities ( Figure 15a ) and H2 column densities (Figure 15b ) of the infall candidates (blue histogram) and clumps where infall is not detected (gray filled histogram) separated by their evolutionary stages. The median values of the peak 870-µm flux densities of the pre-stellar, proto-stellar, HII and PDR objects with infall are 0. ability of 0.1% for pre-stellar and proto-stellar, 0.1% for proto-stellar and HII, and 7.8% for HII and PDR distributions, respectively. The median values of the peak 870-µm flux densities of the clumps where infall is not detected at the pre-stellar, proto-stellar, HII and PDR stages are 0. . The K-S test gives probabilities of 0.1%, 0.1%, and 1.5% for prestellar and proto-stellar, proto-stellar and HII, and HII and PDR clump distributions originate from the same parent populations, respectively. The above results suggest that the peak column densities of the infall candidates and clumps where infall is not detected really increase from pre-stellar to proto-stellar to HII. Note that the median values of the peak column densities of the infall candidates at every stage are greater than the corresponding values of the clumps where infall is not detected. The K-S test gives a probability of 0.8%, 0.1%, 0.1% and 0.3% for infall candidates and clumps where infall is not detected distributions in prestellar, proto-stellar, HII and PDR originate from the same parent populations, respectively. This suggests that clumps with infall are evidently accumulating more materials.
The H2 column density distribution of all infall candidates (blue histogram) and clumps where infall is not detected (gray filled histogram) are displayed in Figure 15(c) , where the corresponding median values are 4.47×10 22 and 3.89×10
22 cm −2 . The K-S test gives a probability of 0.1% that the H2 column density distribution of all infall candidates and clumps where infall is not detected originate from the same parent population, and so the column density difference between infall candidates and clumps where infall is not detected is probably true. The statistical parameters of these distributions are summarized in Table 4 . Figure 16 presents the same distributions as Figure 15 , but for integrated 870-µm flux densities ( Figure 16a ) and masses (Figure 16b and 16c) . The median values of the integrated 870µm flux densities of the infall candidates and clumps where infall is not detected increase slightly as a function of evolutionary stage. The median values of the masses of the infall candidates at the pre-stellar, protostellar, HII and PDR stages are 501, 1023, 1778 and 1071 M (Figure 10b ), respectively. The corresponding median values of the clumps where infall is not detected are 589, 871, 2290 and 1413 M . The median values of masses for both infall candidates and the clumps where infall is not detected increase from pre-stellar to proto-stellar, and to HII stages, then decrease from HII to PDR stages. The K-S test gives probabilities of 0.1% for pre-stellar and protostellar, 0.1% for proto-stellar and HII, and 0.05% for HII and PDR distributions for infall candidates originate from the same parent populations. The corresponding probabilities are 0.1%, 0.1% and 0.1% for clumps where infall is not detected. The K-S test supports that clumps accumulate material continuously and efficiently as they evolve, which is consistent with the fact that the beam-averaged H2 column densities of the clumps increase as they evolve (see above paragraph).
This result also supports the idea that molecular clouds gather material from large scales down to the centre of their gravitational well, and thus increase their masses (Peretto et al. 2013) . Of course, it is necessary to check this notion on a larger sample. Both infall candidates and clumps where infall is not detected show a decreasing trend of mass from the HII to the PDR stage, which is easy to understand in the sense that star-formation feedback finally disrupts the parent clump in the PDR stage.
The median values of the masses for all infall candidates and clumps where infall is not detected are 1318 and 1349 M , respectively, which are larger than the completeness limit ( Figure 16c) . Urquhart et al. (2013b) reported that clumps associated with compact (∼ 10000 M ) and UC HII (∼ 5000 M ) both have significantly larger median mass values than the median masss values of infall candidates and clumps where infall is not detected in this paper. The difference may be due to the simplifying assumption that all of the clumps have the same temperature 20 K by Urquhart et al. (2013b) . The statistical parameters of these distributions are summarized in Table 4. HII regions are generally further away than low-mass pre-stellar and proto-stellar sources, and have higher masses. This may be the cause of the difference in mass distribution between the HII region and younger sources (Figure 16b ). So it is necessary to determine whether the masses difference is caused by distance bias between HII region and younger clumps (pre-stellar and proto-stellar). We performed a K-S test on a distance-limited sample (between 3 and 5 kpc), the median mass values for the HII regions and young clumps are 1445 and 750 M , respectively. The K-S test gives a probability of 0.1% that these two distributions originate from the same parent population, and suggests that the mass difference between the HII region and younger clumps (prestellar and proto-stellar) is not caused by distance bias. This is consistent with the following result that most of these clumps satisfy the criteria to form massive stars (see section 5.1).
The average H2 volume density was calculated from the relation n = 3M/(4πR 3 µmH)
using the clump mass, M, as derived from the dust continuum emission at 870 µm, and the effective radius, R, as given in Urquhart et al. (2014c) . We have taken the mean particle mass to be µ = 2.72mH (Allen 1973) . The upper panel of Figure 17 shows the number distribution of the H2 On the other hand, Figure 18 shows the distribution of effective radius separated by their evolutionary stages (upper panel) and clump mass vs. volume density (lower panel).
The median values of the effective radius at the pre-stellar, proto-stellar, HII and PDR stages are 0.47, 0.63, 0.97 and 0.94 pc, respectively. In addition, there is an anti-correlation between clump mass and volume density. So the decreasing volume density could be ascribed to an increasing effective radius with the evolution of the clumps. Figure 17 ). The K-S test gives a probability of 0.1% that these two distributions originate from the same parent population, this suggests that infall candidates tend to be more compact. 
DISCUSSION
5.1 Empirical criterion for massive-star formation investigated cloud fragments in several molecular clouds that are forming (Orion A, G10.15-0.34, G11.11-0.12) or not forming ( 10M , Pipe Nebula, Taurus, Perseus, and Ophiuchus) massive stars, and derived a threshold for the formation of massive stars. High-mass star-forming regions obey the empirical relationship m(r) 580M (R ef f pc −1 ) 1.33 , which was confirmed by Urquhart et al. (2013a,b) . In Figure  19 , we present the mass-size relationship for 206 infall candidates and 445 clumps where infall is not detected with determined distances. The sample shows a fairly continuous distribution over about four orders of magnitude in mass and two orders of magnitude in radius. The dashed blue and solid black lines indicate the leastsquares fit to the infall candidates and the clumps where infall is not detected expressed as the empirical relation Log(M clump )=3.12±1.85+(1.82±0.06)×Log(R ef f ), with a correlation coefficient of 0.81, and Log(M clump )=3.14±1.54+(1.84±0.02)×Log(R ef f ), with a correlation coefficient of 0.87. The difference in the fits is within the uncertainties in the parameters. The yellow shaded region in Figure 19 shows the parameter space that is devoid of massive-star formation. We find that 193 infall candidates (94%) and 428 clumps where infall is not detected (96%) have masses greater than the limiting mass for their size, as determined by for massive-star formation. Based on Figure 19 , most of our sample of clumps should be capable of forming high-mass stars. Sources located at the green shaded region ("Massive Proto-cluster Candidates", MPCs) in the upper portion of the Mass-radius diagram of Figure 19 have the potential to form a massive proto-cluster (Bressert et al. 2012; Urquhart et al. 2013a 0.351, G338.459+0.024 and G345.504+0.347) were not confirmed here because of their masses changed lower.
Virial mass and clump mass function
To obtain the virial mass, we assumed a clump density profile of ρ ∝ r −1.5 for the 688 resolved clumps that have kinetic distances and effective physical radii. These were determined using the following formulae (Urquhart et al. 2013a ): where R ef f is the effective radius of the clump (listed in Table 1 ). The average velocity dispersion of the total column of gas ∆vavg can be calculated via
where ∆vcorr is the observed N2H + (1-0) line width corrected for the resolution of the spectrometer (0.21 km s −1 ). k b is the Boltzmann constant, and T kin is the kinetic temperature of the gas (approximated as the dust temperature). µp and µ N 2 H + are the mean molecular masses of molecular hydrogen (2.33) and N2H + (29), respectively. To calculate the virial mass, we assume that the observed N2H + (1-0) line width is representative of the whole clump. However, we not that due to its resistance to depletion at low temperatures and high densities, N2H
+ (1-0) traces the cold, outer-parts of the clump which may not be as stirred by outflows or as closely related to the ongoing star formation. As such, we may underestimate ∆vavg and thus Mvir. The uncertainties in the virial masses come from measurement errors of the line widths and kinetic temperatures. The error in the virial mass is of the order of 20% allowing for an ∼10% error in the distance (Urquhart et al. 2013b) . Note that this estimate considers the simplest case of virial equilibrium where only gravity and the velocity dispersion of the gas are taken into account, thus neglecting the effects of e.g. external pressure and magnetic fields. The virial mass of the 688 sources are listed in Table 1 .
In Figure 20 , we plot the ratio (M clump /Mvir) vs. the clump mass for the infall candidates (upper panel) and clumps where infall is not detected (lower panel). The dashed horizontal line marks the line of gravitational stability. The ratio M clump /Mvir describes the competition between the internal supporting energy against the gravitational energy. Clumps with ratios less than unity are likely to be unbound, while those with ratios higher than unity may be unstable and collapsing. The percentages of sources with ratios (M clump /Mvir) greater than unity and also showing infall are 61%, 75%, 74%, and 56% of the pre-stellar, protostellar, HII and PDR sources (upper panel in Figure 20 ). The corresponding values of the clumps where infall is not detected are 56%, 69%, 70% and 50%, respectively (lower panel in Figure 20 ). For those infalling clumps which are not gravitationally bound, this probably suggests that there is a significant contribution from additional support mechanisms (e.g. magnetic fields, turbulence, external pressure). Thus, not all clumps showing infall motions are gravitationally bound or collapsing.
The clump mass function (ClMF) describes the mass distribution of clumps, and is related to the stellar initial mass function (IMF) (Johnstone et al. 2001) . To obtain the parameter index of the ClMF, we fixed the bin widths and counted the number of clumps per bin. The power-law correlations of the ClMF are dN/dM = 10 5.60±0.65 M −2.04±0.16 and dN/dM = 10 6.19±1.04 M −2.37±0.29 for the clump mass and virial mass of the infall candidates (upper panel of Figure 21 ), respectively. For clumps where infall is not detected, the corresponding ClMFs are dN/dM = 10 6.60±1.29 M −2.17±0.31 and dN/dM = 10 5.55±0.75 M −2.02±0.20 (lower panel of Figure  21 ), respectively. It is evident that the ClMF of the infall candidates is similar to that of the clumps where infall is not detected. Our power indices for clump mass (2.04 for infall candidates and 2.02 for clumps where infall is not detected; see Figure 21 ) are between the IMF of 2.35 (Salpeter 1955) and CMF of 1.85-1.91 presented by Urquhart et al. (2014b) . The ClMF is shallower than the IMF, suggesting that the star formation efficiency is lower in more massive clumps. However, they are close to the value of cold Planck sources (2.0) reported by Montillaud et al. (2015) .
The evolution of infall
For the 231 sources identified as infall candidates, the infall rate can be roughly estimated from formulae (Eq. 5; López-Sepulcre, Cesaroni,& Walmsley 2010):
where V inf = V N 2 H + − V HCO + is a rough estimate of the infall velocity, and n is the volume density described in Section 4.5. The obtained mass infall rates are listed in Table 10 3. Figure 22 shows the distribution of the infall rate for the infall candidates separated into evolutionary stage. The median values of the distributions are indicated by black dashed lines for pre-stellar, proto-stellar, HII and PDR, which correspond to 2.6×10 −3 , 7.0×10 −3 , 6.5×10 −3 and 5.5×10 −3 M yr −1 . They display an increasing trend with evolutionary stage from pre-stellar to proto-stellar, which then decreases from proto-stellar to HII, and then to PDR. Note that the infall rate reaches its maximum value at the proto-stellar stage, and then start to decrease. The K-S test gives probabilities of 0.1% for pre-stellar and proto-stellar, 0.5% for proto-stellar and HII, and 1.9% for HII and PDR distributions originate from the same parent population. The statistical parameters of these distributions are summarized in Table 4 .
In Figure 23 , we show a relationship between the infall velocity and the total clump mass (M clump > 100M ). The power-law correlation is Vin = (0.62 ± 0.12)M 0.03±0.03 clump (red dashed line). The uncertainty on the power-law fit result is basically flat, i.e. no relationship between Vin and M clump . Our power index (0.03) for clumps is significantly less than the power index of high mass cores of 0.36 presented by Liu, Wu, & Zhang (2013) . This suggests that infall rate of highmass cores is significantly greater than that of high-mass clumps. Assuming a constant star formation efficiency, we derived depletion times (M clump /Ṁ inf ) for all infall candidates. Figure 24 displays the distributions of depletion times for each evolutionary stage. The median values of infall times for pre-stellar, proto-stellar, HII and PDR are 1.60×10 5 , 1.67×10 5 , 2.70×10 5 and 3.33×10 5 yr, respectively. These results show that the infall times increase as a function of evolution. Since the mass infall rate is similar for protostellar sources and HII regions, the change in depletion time is due to HII clumps typically having larger mass, and so can sustain star formation for longer. The K-S test (probability of 0.01%) supports that infall rate increase from proto-stellar to HII stage. As the small number of members of pre-stellar and PDR, we did not do K-S test to them. 
CONCLUSIONS
We performed a search for infall candidates and studied the properties of a sample of 732 high-mass clumps selected from the MALT90 survey. (ii) Simulations based on 1-dimensional spherically symmetric RATRAN model suggest that HCO + (1-0) and HNC(1-0) lines are sensitive to infall motions on spatial scales at radii <133000 and 5600 − 28000 AU, respectively.
(iii) The detection rates of the infall candidates in the pre-stellar, proto-stellar, HII and PDR stages are 41.2%, 36.6%, 30.6% and 12.7%, respectively. The detection rate decreases as clumps evolve, which is consistent with the dynamical evolution of high-mass star-forming regions. Relationship between infall velocity and the total dust mass. The red dashed line represents the power-law fit to all infall candidates whose mass have been determined. We assume a 50% error in the measurements of both infall velocity and mass.
(iv) The average and median temperatures derived for the total infall candidates (19.6 and 18.9K) are smaller than those measured for the clumps where infall is not detected (21.6 and 21.0K).
(v) The average values of the aspect ratio of the infall candidates at pre-stellar, proto-stellar, HII and PDR stages are 1.76, 1.59, 1.51 and 1.77, respectively. The corresponding values are 1.85, 1.64, 1.64 and 1.85 for the clumps where infall is not detected. K-S test suggests that there is a systematic difference in aspect ratio between the infall candidates and clumps where infall is not detected, which suggests that clumps with observed infall are more spherical than those without.
(vi) Both infall candidates and clumps where infall is not detected show an obvious trend of increasing in mass from the pre-stellar to proto-stellar, and to the HII stages, which indicates clumps still accumulate material efficiently as they evolve.
(vii) We identified two new MPC candidates (G333.018+0.766 and G348.531-0.972) and confirmed four highly reliable MPC candidates (G008.691-0.401, G348.183+0.482, G348.759-0.946 and G351.774-0.537) in HYX15.
(viii) The power indices of the ClMF are 2.04±0.16 and 2.17±0.31 for infall candidates and clumps where infall is not detected, respectively, which are similar to the power index of the IMF (2.35) and the cold Planck sources (2.0).
(ix) The median values of the infall rates of the infall candidates at the pre-stellar, proto-stellar, HII and PDR stages are 2.6×10 −3 , 7.0×10 −3 , 6.5×10 −3 and 5.5×10 −3 M yr −1 , respectively. This also supports that infall candidates at later evolutionary stages still efficiently accumulate material.
(x) The power-law correlation between the infall velocity and the total clump mass (M clump > 100M ) is Vin = (0.62 ± 0.12)M 0.03±0.03 clump , our power index (0.03) is significantly less than the power index of high mass cores of 0.36 presented by Liu, Wu, & Zhang (2013) . This suggests that infall rate of high-mass cores is significantly greater than that of high-mass clumps.
These infall candidates provide a very important sample for studying physical properties of regions where massive stars are forming. In subsequent papers, we will investigate the clump fragmentation and star cluster formation through high spatial resolution observations.
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APPENDIX A: DUST TEMPERATURE
Approximately 92% of 732 clumps of our sample were classified into one of the three preceding evolutionary stages using the criterion presented in HYX15: pre-stellar, proto-stellar and UCHII. UCHII clumps containing objects obeying the criteria defined in Wood & Churchwell (1989) . Proto-stellar clumps containing objects obeying the criteria: a pointsource should have 5] > 0.7 and be detected at 8µm; or 24µm point pointsource. Clumps associated with saturated 24µm sources or extended 8µm emission (e.g. photo-dissociation region) were indicated as "Non". We refer to the remaining clumps as prestellar. Columns 5 and 10 of Table A1 list the evolutionary stages of all the clumps. Note that 63 clumps with "Non" represent undetermined evolutionary stages using the classification criterion presented in HYX15.
In GAE15, they first tested the model of Ormel et al. (2011) based on 14 sources using data at frequency <600 GHz, and found that the spectral index is in agreement with the absorption coefficient law of silicate-graphite grains, with 3 × 10 4 years of coagulation, and without ice coatings.
They used this model of dust for the SED fitting, and derived dust temperature of their sample. Also, they excluded the 70 µm data of Herschel survey and included the 870 µm data of ATLASGAL survey. We set β as a free parameter, and derived it with dust temperature and critical frequency simultaneously using the modified blackbody model (Faimali et al. 2012) . Herschel Hi-GAL survey data at 70, 160, 250, 350 and 500 µm were used for SED fitting for proto-stellar and UCHII stage clumps, though 70 µm emission likely contains some contribution from a warmer dust component. As sources in the pre-stellar stage do not have 70µm emission, we fitted those just using 160, 250, 350 and 500 µm. There are 86 clumps whose Hi-GAL data are affected by saturation. Overall, we derived dust temperature for 646 clumps (see Columns 2 and 7 of Table A1 ).
In Figure A1 , we show the dust temperature distributions derived from GAE15 (gray filled histogram) and in this paper (red histogram). The median dust temperatures are 20.4 and 23.3K, respectively. The K-S test (probability of 0.01%) indicates that the difference between them is significant. Figure A2 shows the dust temperature distributions of infall candidates (blue histogram) separated by the pre-stellar, proto-stellar and UCHII clumps, where the median values are indicated by dashed black vertical lines, which are 19.9, 29.9 and 26.0K, respectively. For all clumps at different stages (gray filled histogram in Figure A2 ), the corresponding values are 20.3, 23.3 and 27.1K.
The dust opacity spectral index β is sensitive to the maximum size of dust grains (Testi et al. 2014 ). For dust grains with different chemical composition and porosity, the spectral index β is larger than 2.0 at lower values of the maximum grain size (see Figures 4 of Testi et al. 2014) . Moreover, in the theoretical dust opacity models, the possibility of having β >2.0 is due to the effect of disordered charge distribution (Meny et al. 2007; Shirley et al. 2011) . Uncertainties in observed fluxes may also lead to incorrect spectral index (e.g. β >2.0) estimates from SED fitting (Shetty et al. 2009b ). Also, we should note that the T-β degeneracy (Kelly et al. 2012; Juvela et al. 2013 Juvela et al. , 2015 and strong temperature gradients can induce incorrect results in blackbody determinations (Schuller et al. 2009; Shetty et al. 2009b; Ysard et al. 2012) . We plotted the distribution of β (upper panel) and T-β correlation (bottom panel) in Figure A3 . In fact, about twelve percent sources have β >2.0, while only fourteen sources have β >2.5. From T-β correlation, we can see that only sources with β >2.5 show a relationship with temperature. These clumps with controversial β represent only about ten per cent of our final sample and are therefore unlikely to affect the results significantly. Uncertainties in temperature are small (often <5%), and errors in β are generally 10%. 
